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CQNTBDL SEOmEQtEIiTS AND CONTBOL FABAMETEBS FOR A SAH JET 
VITE YABIABLE-AEEA E2HAUST NOZZLE 
By Aaroa S. Bokaenbom and David Novik 


^]MMAET 

Ccaitrol reg.ulr6mants and o<m.trol parameters for a ram Jet with 
a variable^area eidiaust aozzle have heen analyzed from calculated 
perfozmanoe charts covering flight Mach numbers from 0.6 to 3.0 
and altitudes from sea level to 30,000 feet. Bequlrmiients for maxi- 
mum efficiency, safe and stable operation, mR-rimimi range of thrust 
at a given flight Mach number, and control of fuel flow are 
discussed and corresponding control parameters are selected. A 
hypothetical control systaa is described to Illustrate th.o applica- 
tion of the control parameters. 

Maximum effloi^cy vas found to be attainable at any flight 
Mach nusiber by application of a single control relation between 
oocohustlon- chamber- inlet Mach number and fll^t Mach number that 
is dependent on diffuser characteristics. This relation could be 
maintained by regulation of the exhaust-nozzle area and is desirable 
in that stable shook location would simultaneously be achieved. 

Airframe drag characteristics may preclude engine operation 
at maximum efficiency and necessitate provision for raiglne opera- 
tion at allowable fuel-air ratio. Such a situation would 

occur if steady-state operation were desired at a fll^t Mach 
number that requ^^QS less thrust than the thrust attainable at 
mATlmUTTi efflclwoy. 

Two methods of fuel control appear possible: The fuel flow 
may bo directly controlled by manual operation of a fuel- throttle 
valve, or the fuel flow may be indirectly controlled from a flight 
Mach number setting. 


INTRODDCTION 

Althou£^ the ram Jet has valuable potentialities derived from 
unlq.u^ess in both design and fll^t application, its practicability 
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as a power plant for guided missiles or piloted supersonic aircraft 
will depend to a great extent upou the development of control systems 
that will permit these potentialities to he fullj exploited. Some 
of the fundamental coutrol requirements of the ram Jot were therefcoTo 
analyzed at the NACA Cleveland laboratory In order to present a 
rational basis for the developnent of ram-Jet control systems. This 
analysis is part of a general research program dealing with the 
control problems of ram Jets. 

Preliminary analysis indicated that a fired-con figuration ram 
Jet cannot operate efficiently at fll^t Mach numbers other than the 
design condition. In order to extend the analysis reported to Include 
requlz'ements for a more comprehensive latitude of control, the 
exhaust-nozzle az^a of the engine Is assumed to be variable. 

The ram-Jet control requirements were analyzed for f ll^t Mach 
numbers frm 0.6 to 3.0 and altitudes from sea level to 30,000 feet 
for an oiglne configuration with a variable-area exhaust nozzle. 
Calculations were based on the theory of one-dimensional flow 
together with available z^-Jet-ccxaponent data (reference 1). The 
resultant operating perfomiance of the ram Jet Is piresented In terms 
of controllable variables. The control parameters that should be 
Inoorpoirated Into an automatic contn'ol system are readily selected 
from calculated performance charts, and their required functions 
within control systems are deduced. Atypical control system Is 
schematically presented that would automatically satisfy all the 
principal control requirements of the ram Jet. it is assumed that 
required Instrumentation will be developed to meet the needs of such 
a control system. 


MBITHOD OF ANALYSIS 

Calculations were made for a typical ram Jet, schematically 
shown In figure 1. The ratio of diffuser- inlet SJT6S to COOil^VlStlOQ!!* 
chamber area vsiB fixed at 0.228. Tills vaXus was selected to permit 
reascaiable combustion-chamber-lnlet velocities. (At a fll^t Mach 
number of 1.8, the cambustlon-chamber- Inlet velocities would be 
below 150 ft/sec.) A typical maximum diffuser pressure-recovery 
relation with fll^t Mach number was used that could apply to a 
convergent-divergent, perforated, or spike (shock-cone) diffuser. 
The normal and oblique shocks were assumed always to be Included 
within the lip of the diffuser. All calculations were made for a 
convergent variable-area exhaust nozzle. 

Typical performance calculations (using the symbols defined In 
appendix A) are presented in appendix B, and a basic equation is 
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• derived relating gas flow, temperature, area, pressure, and Macn 
number at any two stations. 

For supersonic fli^t velocities, the diffuser pressure 
recovery P 2 /P 0 determines the combustlon-chamher-inlot Mach num- 
ber M 2 , Inasmuch as the diffuser cures is considered fixed. The 
fll^t Mach number Mq and altitude determine the inlet-air flow 
For any fli^t Mach number and altitude, the fuel-air ratio determines 
the fuel flow Wf, the engine tempesrature ratio T, and the cxanbus- 
tion temperature T 4 . The not thrust F^ and the req.ulred exhaust- 
nozzle area are calculated for any condition of fll^t Mach number, 
altitude, pressure recovery, and fuel flow. 

Combined combustion-chamber and exhaust-nozzle pressure loss 
was obtained from ram- jet data (reference l), which are replotted to 
give a general relation for pressure loss as a function of the 
combusticsa-chamber-lnlet Mach number parameter M 2 /'IT. Any fuel 
similar to gasoline may bo expected to result in similar pressure- 
loss characteristics. 

Effective values of fuel flow and fuel-air ratio are used 
throu^out, rather than absolute values, which would be affected by 
combustion efficiency. The effective fuel flow is equivalent to the 
product of the true fuel flow and the combustion efficiency. 

Similarly, stolchicanetric fuel-air ratio refers to the fuel-air 
ratio at which mwvlmnm cmbustion temperature occurs and is there- 
fore to be considered as an effective stoichiometric ratio, rather 
than a chemical stoichiometric ratio. 

For subsonic f T l ght velocities, a ccxistant diffuser pressure 
recovery of 0.95 is used. For any fll^t Mach number and altitude, 
the air flow is determined by the ccmbusticsi-chamber-inlet Mach 
number, and the fuel-air ratio determines the engine temperature 
ratio and the ccxabustian temperature. The fuel flow depends on the 
fuel-air ratio and combusticHi-chamber-lnlet Mach number. The net 
thrust and required exhaust-nozzle areas were calculated for ar^ con- 
dition of fllfi^tit Mach number, altitude, combustlon-chamber-lnlet 
Mach number, and fuel flow. 
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EESOLTS AND DISCUSSION 
Performance Charts 

Calculation of the ram- Jet Tarlahles, as indicated in METHOD 
OF ANALYSIS^ proTldes sufficient data for performance charts snoh 
as those shown in figures 2 and 3 for supersonio and suhsonlo flight 
Mach numbers, respectl7el7. These charts show the relation of all 
the Important engine variables, including eXhaust-nozzle area, to 
the thrust output of the engine. The values of thrust and ezhaust- 
nozzle area have been corrected to the combustion- chamber area 
(which remains constant) in order that the charts may be applied to 
a ram Jet of an 7 diameter. The eidditional correction of thrust by 
altitude pressure ratio 6 brings values of thrust at any altitude 
into close proximity for each fll^t Mach number. The fuel-flow 

parameter ^ — is used in order to 

obtaining fuel flow from the air-flow 

fuel-air ratio. 

Supersonic conditione. - For the supersonlo-fll^t conditions, 
lines of constant diffuser pressure recovery, constant coabustlon- 
chamber- inlet Mach number, and constant combustlon-ohamber-lnlet 
velocity coincide; and lines of constant fuel-air latlo, constant 
combustion temperature, constant temperatuare ratio, and constant 
fuel flow coincide for each condition of flight Mach number and 
altitude (fig. 2) . Each condition of supersonio fll^t Mach nuniber 
and altitude corresponds to a fixed value of air flow. 

The charts indicate that operation along a line maxim u m 
attainable diffuser pressure recovery P 2 /P 0 results in wn-riimiw 
over-all engine efficiency because each point on such a line rep- 
resents the minimum fuel flow at which the corresponding thrust can 
be obtained. The charts also indicate the limits of ram- Jet opera- 
tion at each fll^t Mach number and altitude in that each chart may 
be bounded on four gj^eg ^ limiting condition of operation. 
MEiximum attainable diffuser pressure recovery (line AB) represents 
one limitation and, as the recoveries are reduced, a line of mini- 
mum allowable recovery is reached that is determined by the maximum 
allowable combustlon-chamber-lnlet Mach number or velocity beyond 
which bumer operation would be impossible. The other two limita- 
tions consist of a maxlmum-allowable-temperature or fuel-alr-ratlo 
line at one end and a minimum fuel-alr-ratlo lAxvi', beyond which 
buroer blow-out would occur, at the other end (BC) . The drag of 
the airframe in which the ram Jet is to be Installed cannot require 


simplify calculations when 
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a thrust that is outside the area bounded "bj the four limiting lines, 
or steady fll^t at the desired Mach number Is impossible. The mazi- 
mum -value of the ratio A 4 /A 2 , as shown on se-veral of -the charts. 

Is unity when the ezhaust-noszle area becomes eg.ual to the coanbostlon- 
chamber area. 

Subaonlo condltlcais. - Charts similar to -those .for the supersonlo- 
fli^t conditions were ob-balned for the subsonic -values of flight 
Mach number and are shown in figure 3. The chief differences in -the 
subsonic charts, compared with those ob-talned for supersonic condi- 
tions, are that -the air flow Is no longer constant for each condition 
of flight Mach number and altitude, and that the pressure recovery 
of the diffuser was tahen as subs-tantlally constant throu^out -the 
subsonic regime. For subsonic conditions, lines of ccoistant air 
flow, combusticHi-chamber-lnlet Mach number, and combustlim-ohamber- 
Inlet velocity coincide, and lines of cons-tant -temperature, temper- 
ature ratio, and fuel-air ratio coincide. Lines of constant fuel 
flow (cozrected -to sea- level conditions and combustlon-ohamber area) 
are also drawn. 

The substzLlc charts indicate -that operation at mw.i-tTninn effi- 
ciency would occur along a line drawn -tbrou^ the peaks of the fuel- 
flow curves because these peaks represent points of maximum -thrust 
for a gl-veh fuel flow. Engine operation Is limited on only -three 
sides of the subsonic charts inasmuch as ezhaust-nozzile area no 
longer has any effect on diffuser-pressure recovery, In contrast 
with supersonic conditions. In lieu of a presaure-arecovery limit, 
a practical limit would, course, exist because of the low -values 
of thrust obtained as the ccnstant-fuel-flow lines slope downward 
from their peak -values. The limiting conditions of maximum fuel- 
air ratio or temperature, minimum fuel-air ratio, and maximum 
combustlon-chamber-inlet velocity or Mach number are -the same sis 
for supersonic flight condltloos. 


Con-brol Belatlons 

The performance charts presen-ted in figures 2 and 3 Indicate 
that -variation In exhaust-nozzle srea. Is req.uired in order -to 
permit steady-sta-te operation at all the fll^t oonditlcxiB in-vestl- 
gated. In general, the -tz*end Indicates -that decreasing exhaust- 
nozzle screes sere req.ulred for Increasing fll^t Mach numbers. 

For control application, the performance charts of figures 2 
and 3 also Indicate that for supersonic flight !tach numbers an 
autonatlc engine-cimtrol system should main-tain maximum pressure 
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recoyer 7 and that at sahsonlo flight Mach numbers operation alcaig a 
line drawn throu^ the inaxlmuni-thrust values of the constant fuel- 
flow lines should be maintained (lines AB on figs. 2 and 3). It is 
to be noted that for supersoolc flight, the line of combust lon- 
chamber-inlet Mach number coincides with that of diffuser pressure 
recovery, and that for subsonic flight the line through the peaks 
of the constant-fuel-flow curves may be approximated bys line of 
constant-combustion-chaiaber Mach nunber . 

Control of the ccaiibustlon- chamber-inlet Mach number In accord- 
ance with fll^t Mach number thezefore appears to be an effective 
method of engine control for maximum efficiency and seems desirable 
because It can be utilized for both the subsonic and supersonic 
flight Mach numbers. (Other possible means of control for maximum 
effioloioy, such as maintenance of maximum-pressure recovery or 
location and malnt«aance of optimum shock posltlcxi, would be effec- 
tive only for supersonic flight conditions.) Such a control system 
would control oombustlon-chamber-tnlet Mach number by variation of 
exhaust-nozzle area in order to maintain the desired cocibuBtlon- 
chamber-lnlet Mach number at any flight Mach number. The deslz*ed 
relation between combustlon-chamber-inlet Mach number and fll£d>-t 
Mach number remains to be shown. 

Ccaitrol for maximum efficiency. - In order to establish a 
control relation betweoi combustion-chamber- inlet Mach number and 
flight Mach number It must be realized that at each supersonic 
fll^t Mach number a maximum pressure recovery Is obtainable from 
a given diffuser, should a control systou attempt to set a 
combustion-chamber Mach number corresponding to a pressure 
recovery greater than that obtainable with the given diffuser, the 
shock would ta^aval to a position In front of the diffuser. The 
desired coniurol relation between coinbu8tlon-oha]]d>er Mach number 
and fllfpat Mach number must therefore be based on the relation 
between maximum attainable pressure recovery for a given diffuser 
and fllKht Mach number. A typical diffuser-recovery curve of 
approximately maximum attainable recoveries is shown In figure 4 
over a range of f ll£^it Mach nunbers . 7ar maxliman engine off Iclonoy , 
the exhaust-nozzle area should be varied In order to bring the pres- 
sure lecovery as close to the curve as possible at each flight' Mach 
number. 

Because control of coobuetlon-chamber- inlet Mach number has 
already been shown ta ^ control of pressure recovery, 

the diffuser curve ^ converted Into a curve showing 

the relation between combustion-cdiamber Mach number and flight Mach 
number. Each value of pressure recovery has a corresponding value 
of combustion-chamber Mach number at a given fll^t Mach nvoaber, as 



HACA m No. E8H24 


7 




indicated by equation (B8) of appendix B. Values of combust lon- 
chamber-lnlet Macli nuisSjer obtained from eq.uatlon (B8) are shown in 
the supersonic portion of figU3?e 5, which is the desired control 
curve for the entire region at fll^t Mach numbers investl^ted. 

The subsonic portion of this coatrol curve was obtained from the 
constant M 2 lines designated by AB in figure 3. Figure 3 shows 
that these values of Cdnbustlcn-ohaaiber-lnlet Mach number remained 
substantially the same at a given fll^t Mach number, regardless of 
altitude, 80 that 8 single value Of M 2 is obtained at each sub- 
sonic fll^t >Mach number. 

Figure 5 is a control curve in that it represents the relation 
to be maintained by varlatiaa. of the erhaust-nozzle area. For 8 
vsilue of combustion-chamber-inlet Mach number above the value 
indicated by the curve for a given fll^t Mach number, the function 
of the exhaust-nozzle area is to decrease in order to reduce the 
value of M 2 « Conversely, the^ function of the exhaust-nozzle area 
is to increase the value of c^bustlon-chamber Mach number, should 
M 2 fall below the curve. Figure 5 does not represent the entire 
ram- Jet-control solution, however, inasmuch as limiting conditions 
of engine operation and control of fuel flow must be considered. 

Control for limiting conditions of engine operation. - Limiting 
conditions of ram- Jet operation are not yet cleaorly defined, owing 
to the lack of any preponderance of engine data and because of the 
many variables that influence burner operation. Fffectlve stolohi- 
cxnetric fuel-air ratio may be accepted as one specific limiting con- 
dition of operation because fuel-air ratios greater than the 
effective stoichiometric result in decreased values of thrust. 
Limiting material temperatures ml^t possibly be exceeded before 
stoichiometric fuel-air ratio is obtained, 80 that a temperature- 
limiting control may be considered an alternative to maiimum-fuel- 
air-ratio control. 

Other limiting control requirements, a8 indicated from existing 
ram- Jet data, are those for maintenance of stable burner operation. 
Existing data have indicated that combustion- chamber- inlet Mach 
number (or ccmbustion-ohamber velocity) and fuel-air ratio affect 
burner operation. In this analysis the minimum allowable fuel-air 
ratio is assumed to be 0 . 03 and the maxlTnum allowable combustion- 
chamber Mach number, 0.2. 

Limiting control req.ulrements that must be considered for over- 
all ram- Jet control are therefore assumed to consist of HiATimnni fuel- 
air ratio, tnH.Tin«iTii temperature, minimum fuel-air ratio-, and maximum 
combust i<m-chamber-lnlet Mach number control. Coincident with the 
attainment of maximum pressure recovery through variation of the 
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ei^ust-nozzle area, minimum ccoibustion-ohamber Maoh numbers are 
also attained. This concurrence Indicates that the control relation 
of figure 5 has a fa-rorable trend with respect to limitation of maxi- 
mum allowable ccmbustlon-chamber Mach number. 

Control for maximum range of thrust. - Control along a line of 
optlmim combustion- chamber Maoh number has previously been shown to 
bo desirable (fig. 5) . The drag of the airframe at a given fll^t 
Mach niunber, however, could conceivably be less than the lowest 
value of thrust obtainable at the optimum combustion-chamber Mach 
number so that steady-state operation at the given flight Mach 
number would be impossible. Such a situation would occur when the 
value of alrfireune drag correspooded to a point below the intersec- 
tion of the optimum line o/* combustion-chamber Mach number (line AB) 
and the limiting line BC of minimum allowable fuel-air ratio 
(figs. 2 and 3). In order to permit the greatest latitude of engine 
operation, the conlrol system must therefore permit engine operation 
along the line of minimum fuel-air ratio BC. The thrust z*ange of 
the engine may. In this manner, be extended to the point at which 
line BC intersects the wi^YiimiTn allowable Mach number line corre- 
sponding to AB at an M2 of 0.2, or to wide-open exhaust-nozzle 
area. Should the value of drag bo below even this minimum point of 
engine thrust, steady-state operation at the given fll^t Maoh 
number would, of course, be impossible. 

An assumed drag curve at an altitude of 30,000 feet, typical 
of the drag obtained throu^ supersonic fll^t Mach numbers. Is 
shown by the dashed curve in figure 6 and was taken from reference 2. 
Superimposed on figure 6 are also curves showing the maximum thrust 
attainable for maximum efficiency, the minimum thrust attainable at 
maximum efficiency, and the minimum thrust attainable while 
maintaining a minimum fuel-air ratio of 0.03. !Hie values of maxi- 
mum thrust were obtained from figures 2 and 3 for values of M2 
from figure 5 at either stolohiometric fuel-air ratio or a T4 
of 4000° B; values of minimum thrust attainable at maximum effi- 
ciency correspond to the intersections of the optimum values of M2 
(fig. 5) with the fuel-air-ratio lines of 0.03 (figs. 2 and 3) ; and 
values of minimum thrust at limiting minimum fuel-air ratio corre- 
spond to the intersections of fuel-alr-ratlo linos of 0.03 with 
estimated maximum-allowable M2 lines of 0.2. Figure 6 Indicates 
the necessity of permitting engine operation below the values of 
thrust obtainable at maximum efficiency because the drag curve falls 
below these values in two places. For example, at a flight Mach 
number of 1.8, the mATimum value of corrected thrust that could be 
attained would be 3240 pounds; and, if the engine were allowed to 
operate only along a line of maximum efficiency, the minimum value 
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of corrected thrust that could he attained would he 2070 pounds, 
which, corresponds to the point of minimum allowable fuel-air ratio. 
The thrust required for steady-state operation, however, is only 
1800 pounds according to the drag curve, and this value la helow the 
value of 2070 pounds attainable at nwriTniiTn efficiency. Steady-state 
operation at Mq * 1.8 could not he attained under bmoTo. conditions, 
and engine operation along the line of minimum allowable fuel-air 
ratio (line BC of fig. 2) would he req.ulred in order to permit 
attainment of the low value of thrust necessary. The engine -control 
system should therefore provide for variation in exhaust-nozzle area 
at the minimum allowable fuel-air ratio in addition to attempting to 
maintain engine operation alcmg the control curve figure 5. This 
requirement corresponds to operation along the line ABC of figure 2 
such that the exhaust nozzle opens in order to permit reduced values 
of thrust, 

FiMm the drag curve of figure 6 , the control curve of figure 5, 
and the performance cdiarts of figures 2 and 3, the required varia- 
tion In exhaust-nozzle area was obtained and Is shown In figure 7. 

For the specific-drag curve used and with the assumed wiinirmnn fuel- 
air ratio of 0.03, the required exhaust-nozzle-area ratio A 4 /A 2 is 
seen to exceed unity at a flight Mach number of 0.6. This discrepancy 
in eXhaust-nozzle-area requlremoats occurs where both the thrust 
attainable at maxlimm efflol^oy and the 'Unaist attainable at wide- 
open eXhaust-nozzle area (A 4 /A 2 SI) exceed the -thrust required by 
the drag curve. Figure 3 Indlca-bes that. If the minimum value of 
fuel-air ratio -was assumed to be somewhat below 0.03, the required 
value of thrust would be ob-talned at an area ratio less than unity. 

The nl^T^ ^m 1 l 11 l allowable fuel-air ratio may therefore be critical In 
determining -fche controllable range of operation.' 

The possibility of closing -the exhaust nozzle in order -bo reduce 
thrust at cons-tant minimum fuel-air ratio is not considered in -this 
investigation. 3h -the subsonic region, reduction of exhaust-nozzle 
area would result In decreased air and fuel oonstuoption, so that 
reduction of thzrust by -this method could be considered ^vanteigeous. 

In the supersonic region, reduction of exhaust-nozzle area at 
cons-tant minimum fuel-air ratio would first regurgi-tate the shock 
to the front of the diffuser, thereby increasing external drag and 
effectively decreasing -the net thrust. Further reducticm 0 / exhaust- 
nozzle area would res-trlct -the air flow because subsonic conditions 
would now exist in front of the Inlet diffuser, so -that thrust could 
bo further decreased. 

Fuel ccmtrol. - Previous discussion has dealt only with ccn-trol 
problems arising at a given flight Mach number, so that a means of 
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CGatrolling the fuel flov In order that auj desired fll^t Mach 
number may be attained still is necessary. The following three 
general methods of fuel control are possible: 

1. The flight Mach number may be maintained constant at 8 
desired Talue ree^o^less of altitude, hut tmly in leyel fll^t, by 
means of a control which 18 80 calibrated to the level-flight rela- 
ticm between fuel flow and flifi^it Mach number over a range of alti- 
tudes (barometric control) that, if a certain fll^t Mach number 

is desired, the fuel flow would be manually set to the value at 
which the desired Mach number would be attained. 

2. An engine parameter (T4, T, or maintains a 

satlsfaotcxry illation with both flight Mach number and fuel flow 
may be so controlled that a given setting of the parameter would 
reeult in a given fuel flow and Mach number. 

5. The fll^t Mach number may be maintained constant at a 
desired value, regardless Of altitude or attitude, by means of a 
variably set device sensitive to fll^t Mach number that controls 
the fuel flow. 

As Indicated in figures 2 and 3, fuel flow could be directly 
controlled In order to obtain a desired fll^t Mach number because 
an increase in fuel flow results In an increase in thrust. Similarly, 
Increasing values of fuel-air ratio, ccmbustion-chamber temperature, 
and engine temperature ratio also result In increased thrust. The 
variatiOTL of fuel flow, fuel-air ratio, combustion temperature, and 
engine temperature ratio with fll^t Mach number (obtained from the 
drag curve of fig. 6, supplamented by the caitrol curve of fig. 5 
and the perfozmance charts of figs. 2 and 3) Is shown in figure 8. 

The fuel-air ratio is assumed to be maintained at 0.03 In the 
regions where the drag curve Is below the thrust obtainable at maxi- 
mum efficiency. Figure 8 Indicates that 8 method of control 
involving the setting of fuel flow in order to obtain a corre- 
sponding flight Mach number (method l) would iresult in a region of 
unstable operation between points B and D. For Instance, at ai:y 
point along the negative slope such as point C, a small Increase 
in fuel flow would cause the airframe to accelerate to a flight 
Mach number corresponding to point B, which is in a stable region. 
Similarly, a sli^t decrease In the fuel flow at point C would 
result in 8 fll^t Mach number at point A. The advantages of a 
simple fuel-ccaitrol systoa requiring only a throttle valve in the 
fuel line would therefore be counterbalanced by the omission of a 
range of fli^t Mach numbers fraa the possible steady-state oper- 
ating points. The extent of the region of negative slope is 
dependent upon the drag of the airframe and the variation of engine 
specific fuel consumption with fli^t Mach number. 
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In spite of the region of instability defined by points B 
M and D, direct fuel-flow ccrntrol is ne-Tertheless more satlsfaoto3ry 

M than control of either engine -temperature ratio, fuel-air ratio, or 

°° combustion temperature. Engine temperature ratio T may be elimin- 

ated immediately as a possible control parameter because the slope 
of the curve is negative after a fll^t Mach number of 1,2. As has 
been indicated, the negative-slope part of the fuel-flow curve would 
result in unstable control characteristics, and the same reasoning 
may be applied in considering T as a control parameter. 

The utility of fuel-air ratio and canbustion temperature as 
fuel-flow- control parameters may be considered on the following 
basis: Assume engine operation at a point coiurespcxiding to point B 
in figure 8. Any slight increase In fuel flow would result in an 
airframe acceleration to point F. Thus, for a pilotless missile 
in which there is no outside InfluMice to reduce the fuel flow, 
steady-state fligit in the entire range of flight Mach numbers 
between points B em d F would be eliminated. If a choice of 
control is to be made between direct fuel-flow control and either 
fuel-air ratio or combustion temperature, it is evidrait from fig- 
ure 8 that direct fuel-flow control is more satisfactory because 
Idle region of flight Mach numbers enccDQassed by points B and F 
is less for the fuel-flow curve than for any Of the other curves 
shown. Because all three engine parameters have been found to be 
less satisfactory than direct fuel-flow control, the second control 
possibility suggested may therefore be eliminate. 

The remaining possibility for fuel control is method 3, that 
of maintaining constant fll^t Mach number by means of a variably 
set device sensitive to fllgit Mach number which control8 the fuel 
flow. This method of control would be advantageous in coping with 
the unstable regicxi in figure 8 denoted by points B and D, 
because stability can be obtained by means of proportional plus 
reset control action (reference 3) . (A discussion of stability and 
control action is beyond the scope of this report. A comprehen- 
sive treatment of control fundamentals may be obtained from refer- 
ence 4 and its associated bibliography. ) The inherent disadvantages 
of fuel control by a device sensitive to fll^t Mach number include 
the campllcaticn of the device itself and the characteristic of the 
device to seek maTininm ponder during a climb and minimum power during 
a dive In attemptngto maintain the flight Mach number setting. 

Cons Iderot ion of the methods of fuel control discussed indicates 
that positive choice between direct fuel control and flight Mach 
number control should not be made without reference to the specific 
Installation and the utilisation of the engine. For instance, the 
simplicity of a fuel-throttle valve in a direct fuel-control system 
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might ooncdlvablj outvelght the disadTantage of a flight schedule in 
which steady-state operation orer a certain range of flight Mach 
numbers would be impossible. To a great extent, the choice would 
depend upon the airframe drag because the negative-slope part of 
figure 8 and the range of Mach numibers included therein is a function 
of the airframe drag. 


DSSCBIPTION OF HgOTHETICAL COHTEDL 

In order to clarify and expand the previous discussion of ram- 
jet control requirements and parameters, a schematic diagram of a 
hypothetical control system is shown In figure 9. The control 
system is reduced to its individual control components as Indicated 
by the dashed -line enclosures, and operation of the complete 
control system may be visualized from a description of the individual 
and related actlcxi O/each component. For convenience of illustra- 
tion, a hydraulic control system has been shown. 

Fuel-flow control. - The fuel-flow control operates from 8 
manual setting Of the control lever, which in turn sets a desired 
flight Mach number When a differential exists between the 

setting of Mq and the measured Mq, this differential is utilized 
to regulate valve A in the fuel-bypass line. 

Should the diWerential set up by ttie fuel control be exces- 
sive, aS in a rapid acceleration, the hl^ values of fuel flow could 
result in eiidisr excessively high combustion t^nperatures or in 
fuel-air ratios beycMid stoichiometric. At this point, the maximum- 
temperature-llmitlng control (or laaxlmum-fuel-air-ratio control) 
becomes effective. Valve B Installed in another fuel-bypass line 
is normally closed Jbut opens when the combustion temperature exceeds 
a predetermined maximum. Fuel is diverted from the burner despite 
the setting of valve A and combustion temperature is thereby reduced 
to the allowable value. 

Minlmum-fuel-air-ratlo control. - During deceleration, bypass 
valve A may possibly be open to such an extent that the fuel flow 
to the burner x>esults In a fuel-air ratio below the minimum allowable 
value. The Tninimnni fuel-air-ratio control then functions to increase 
the fuel flow by closing valve C, which is in series with valve a. 
Less fuel is therefore bypassed so that the measui^ fuel-air ratio 
is maintained at the minimum allowable value. 

MRT^^nllm~effiolency control. - The exhaust-nozzle-area control 
incorporates the relation between Mq and ccmbusticxi-ohamber-inlet 
Mach number M 2 shown in figure 5 , ihioh gives maximum efficiency 
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for all conditions of operatlm. The system Is 'balanced as long as 
the values of Mg and Mq correspond according to the relation of 
figure 5. For values of Mg in excess of this relation, the 
system is so unbalanced as to close the exhaust-nozzle area and 
thereby reduce Mg. Conversely, for values of M2 below those 
required according to figure 5, liie system is so unbalanced as to • 
open the exhaust-nozzle area and thereby Increase Mg. 

In the event that Mg should tend to exceed the ^T^aT^Tn^117l 
allowable value determined for maintenance of stable burner opera- 
tion, the control limiting maximum M2 overrides the exhaust-nozzle- 
area control. The control limiting maxi mum M 2 acts to close the 
exhaust-nozzle area wh^ 'Uie measured M 2 exceeds the predetexmined 
allowable value and thereby maintains Mg at this maximum. 

Fuel-flow- limiting control. - If required, a fuel-f low-limiting 
control acts to maintain the internal shoclc when the exhaust-nozzle 
6irea is wide open. This control would be required for the condi- 
tion in which wide-open exhaust-nozzle area occurred within the span 
of line AB (fig. 2), because after wide-open erea had been attained 
additional :^el would cause the shock to travel to the outside of the 
diffuser. The action of the fuel-flow- limiting control is to open 
valve D in a fuel-bypass line. The fuel flow to the combustion 
chamber then decreases, and therefore M 2 Increases, which causes 
the exhaust-nozzle area to move toward the closed position while 
valve D is reset. 

Change-over control at minimum fuel-air ratio. - Ehgine opera- 
tion at maximum efficiency in accordance with figure 5 reduces the 
reuage of thrust available at a given Mq* The airframe drag ml^t 
possibly require a thrust value below the thrust obtainable at 
point B (fig. 2). Steady-state opei^tion alcHig the line BC would 
therefore be unattainable and a control peimlttlng operation at the 
minimum fuel-air ratio (line BC) would be required for the attain- 
ment of lower values of thrust. Such a control Is designated the 
change-over control at minimum fuel-air ratio on the schematic 
diagram of figure 9. In conjunction with the exhaust-nozzle -area 
control, it pemlts continuous operation along the path ABC of 
figure 2 . 

The change-over control is so energized from the m i n imum fuel- 
air-ratio control that, when minimum fuel-air ratio is attained, the 
main control lever beccanes directly linked with the exhaust-nozzle 
area. The variation in exhaust-nozzle area is here assumed to permit 
attainment of the lowest values of desired thrust. 


Mill 1 1 II If Jr 
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CONCLUSIONS 

From an analysis Ijased on calculated performance charts, require- 
ments eind pai’ameters for control of a ram Jet with a -variable -area 
exhaust nozzle may be summarized as follows; 

1. For maximum efficiency the exhaust-nozzle area should be 
regula-bed to at-bain operation at msiiimum diffuser pressure recovery 
during supersonic fli^t. Maximum efficiency may be at-tained by 
regulation of exhaust-nozzle area in accordance with a predetermined 
schedule of ccanbustion-ohamber-inlet Mach number with fli^t Mach 
number. 

2 . Regulation of combustion- chamber -inlet Mach number for maxi- 
mum efficiency would simul-taneously result In s-table shook location. 

3 . Steady-s-fcate drag characteristics may require 8 thrust at a 
given Mach number -that is less than the thrust attainable at TtiRYlmiim 
efficiency. For maximum range of thrust at a given flight Mach 
number, down to values of thrust below those at which maximum pres- 
sure recovery can be at-tained, the engine should be permitted to 
operate along a line of minimum allowable fuel-air ratio, despite 
the fact that this would incur a loss of efficiency. Operation along 
a line of minimum fuel-air ratio may be accomplished by means of a 
direct linkage between throttle and exhaust-nozzle area such that, 
when minimum fuel-air ratio is reached, -fche -throttle will control 
the area. 

4. For control of fuel flow In order to at-tain a desired fli^t 
Mach number, two possibilities exist; The fuel may be directly 
controlled by manual operation of a -val-ve In the fuel ].lne at the 
expense of a sacrifice in the range of possible fllgjit Mach numbers, 
or the fuel flow may be indirectly controlled from a flight Mach 
number setting that would call for changes in fuel flow according to 
the difference between measured and desired flight Mach number. 

5. Combustion temperature, engine -temperature ratio, and fuel- 
air ratio are unsatisfac-bory as fuel-flow-control parameters in 
comparison with direct fuel-flow control. 


Lewis Fll^t Propulsion Laboratory 

National Advisory Conmlttee for Aeronautics, 
Cleveland , Ohio . 
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AETEHDIX A 
S-XMBOIS 

The following sjnibolB are used in this report: 

A area, sq ft 

Aqj, area corresponding to Macdi number of 1 , sq ft 

C constant 

f (7) 

functions of 7 
Fjj net thrust, lb 

g acceleration due to gravity, ft/sec^ 

M Mach number 

P total pressure, Ib/sq ft 

p static pressure, Ib/sq ft 

B universal gas constant, ft-lb/(lb) (°E) 

T total temperature, °E 

t static temperature, °B 

V gas velocity, ft/seo 

W wei^t rate of flow, Ib/sec 

wel^t rate of air flow, Ib/seo 
¥f wei^t rate of fuel flow, Ib/sec 

7 ratio of specific heat at constant pressure to specific heat 

at constant volume 

8 ratio of altitude pressure to sea-level pressure 

q combustion efficiency 
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0 ratio of altitude temperature to sea-level temperature 
p density, Ib/cu ft 

T temperature ratio across ram jet, T 4 /TQ 

Subscripts : 

0-4 statioaa on ram Jet (fig. l) 
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AFFESDIL B 

PERFOB^^ANCE CALCULATIONS 

The following equation, which is the Basis for calculaticaa of 
engine variahles, expresses the general relation Between gas flow, 
total temperature, area, total pressure, Mach numBer, and ratio of 
specific heats at any two stations, designated statiaus A and B: 

f (r)A 

Vb/ fTyli 

This eq.uaticai is derived as 


^ k 

^B ' 


W = ATP 


and. Because p 



and. Because 


and 


therefore 



M 


T 

^/7SRt 


T 

t 


2=1 

oP 


1 


Affi ^ 

Vi (x + ^ m2) ^ 


w = 


(Bl) 
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The effects of y are sepskrated fran the Mach number by 
rearranging equation (Bl) : 


1 — 1 

|H 

i 

A ^ 

«(¥)^ 

1.4+1 

1 . 4+1 

fr 





(B2) 


Let the first bracketed term, vhlch ia constant, be C. The seocnd 
bracketed term can be shown to be almost Independent of y and 
thus is f(M). The third bracketed term is a function of y and 
is labeled f{y) and plotted in figure 10. Equation (B2) thus 
becomes 


W = CA f (M) f ( 7 ) (B3) 

% 

The term f(M) may be expressed in terms of area according to 
the following concept: Assume a venturi, placed at the section 

being considered, the throat area (A^j.) of which is such that the Mach 
number is sonic. At this area f(M) = 1 and equation (B3) becomes 

W = CAcr f (r) (B4) 

•From equations (B3) and (B4) the following equation is obtained: 

A — 

f (M) - -f 

as plotted In figure 11, and equaticxi (B3) becomes 

« - “ (BS) 

Frcan equation (BS), for any two staticmis (A and B) in the ram jet, 
equation (B6) is obtained: 
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■When eq.uatio9i (BS) is used for the free-stream and ‘burner- inlet 
stations, Wq = W£, Tq = T 2 , and f(7)o = f ( 7)2 = following 

equation is then obtained: 



Thus for subsonic Mqj "tiho fi«e-streani eurea is determined from the 
assumed P 2 A 0 supersonic Mq# the free-sti^am. area 

was assumed to ‘be fixed at and eq,uation (B7) becomes 



and M 2 is determined by the assumed P2/^0* 


When equation (B 6 ) is used for the free-stream and exhaust- 
nozzle stations, W 4 /W 0 = 1 + Wf/Wg^, T 4 /TQ = T, and f(7)o = !• 

Thus, 





(B9) 


In the derivation of Ihe air-flow equation, the following 
expression was obtained: 


W=AM 
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When th.l8 equation la rearranged for the free-atream station, 


Wg_jT% 



144 X 14.7if^ 

^ R 


(BIO) 


For subsonic Mq, corrected air flow la determined by the free- 
streeun. sirea, and for super srailo Mq^ where Aq/A 2 = A^/Ag ■ 0,228, 
the corrected air flow Is fixed at any Mq. 

A convenient expression for momentum Is derived as follows: 


W ^ mIp ^ a _Z!£ _ ^^2 

g g 7SRt - 

The net thrust from the ram Jet can be expressed as 

^ W4V4 WqTo 

^n = + (P4-P0) A4 ^ 

Using equation (Bll) then gives 

Fn = 74A4P4M42 + (P4-P0) A4 - 7 cA}P(^^ 


(Bll) 


(B12) 


For subsonic flow In the exhaust nozzle (where P 4 =Pq) equation (B12) 
becomes 


Fn » r4A4PoM4^ - 7oAoP(^^ 


Beeu:Tangement gives 


Jk. _ 

^2^0 




(B13) 


For sonic flow In the exhaust nozzle where M 4 »l, equation (B12) can 
be rearranged: 
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or 



- 1 


. y fo 2 
^0 Ao “O 


Because 


!i 

P4 


74 


(^r 

A2P0 ” ^2 



■\> 


2 


If 



f*(r) 


tben 



144 X 14.7 



^0 2 

- 144 X 14.7 7q Y~ 

■^2 


(B14) 


The function f (7) is plotted in figure 12. 

The methods used in this report for calculating engine operating 
conditions are descrited. Far sutsonic flight speeds, condititHis of 
constant Mg weire taken and the required A4 and the 

resultant thrust vers determined. At any Mq and Mg, the free- 
stream area was determined from eq,uation (B7) where a Pg/E*o 0.95 
was assumed. From Wf/Wj^ and Tg, the -values of T and T4 were 
obtained from figure 13, which is based on combustion for octene fuel 
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and includes dissociation effects. The value of 74 was obtained 
frcm figure 14 and of f( 74 ) fraa figure 10. Fi*ciii M 2 the 
conibustlon-chaBiber pressure loss was obtained from figure 15, which 
was obtained from ram- jet data (reference 1 ) replotted to give the 
general curve shown. The pressure ratio in the exhaust nozzle was 
obtained from the equation 

^ _ £4 £2 ^ 

PO ^2 ^0 PO 

Erom the values of M 4 and (A^^/A)^ were obtained from 

figure 16 and 11 , where figure 16 is a plot of the equation 



The exhaust-nozzle area was obtained from equation (B9); the air 
flow from equation (BIO) j and the net thrust from equation (B13). 
Fuel flow was found from the air flow and fuel-air ratio. 


For supersonic fll^t speeds, the free-stream area was assumed 
to be the inlet ajrea of the diffuser (shock swallowed). Conditions 
of constant P 2/^0 ^f>^a assumed, and the required A 4 

and resultant Fj^ were determined. At any Mq and P2/^0^ ^2 
found from equatlcHi (B 8 ). Fran and T 2 , the values of T 

and T 4 were obtained from figure 13, from figure 14, and 
f( 7 -), from figure 10. FXom M 2 P 4 /P 2 found frcan flg- 

P4 P4 P2 Pq 

ure 15. From — , *= — r— j it was determined whether the exhaust 


PO P2 Pq po^ 


nozzle had sonic or subsonic flow. 


For sonic flow in the exhaust nozzle, A 4 was found fxom equa- 
tion (B9) where {Aqj,/a)^ = 1, and Pn from equation (B14), where 
f'( 7 ) is found from figure 12. For subsonic flow in the exhaust 
nozzle, M 4 and (AcrA )4 were obtained from figures 16 and 11; 

A 4 was obtained from equation (B9); and Fj^ from equaticai (B13) . 

The air flow was found fron equation (BIO), and the fuel flow 
from the air flow and fuel-air ratio. 
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Figure 2. - Concluded. Performance charts for ram jet with variable-area 

at supersonic flight Mach numbers. 
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Figure 4. -Typical curve of maximura diffuser pressure recovery. 



Figure 5. — Controi reiation for variation of ccmbustion-chamtier-inlet Mach 
number with fiight Mach number for ram jet with variabie-area exhaust 
nozzle. 
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Figure 6. - Com parison of typi esuperson i c d r a g curve (from 
reference 2) wito poss ibie f h u s t for ram jet with 

variable-area exnaust nozzfle. ftl lude, 30,000 feet. 
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FI ight Mach number, Mq 

Figure 7. - Requi red variation of ratio of exhaust-nozzie area to combustion- 
chamber-iniet area with fiight Mach number for ram jet. Aititude, 30,000 
feet. 
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Figure 9. - Schematic diagram of hypothetical ranv-Jet control systenu 
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Figure 13 . - Relation between fuel-air ratio, combustion-chamber-inlet temperature, 

and temperature ratio for octene. 
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Figure 15* - Relation between combustion-chamber pressure loss and 
combustion-chamber-inlet Mach number parameter for ram jet. 
(Combustion-chamber loss includes exhaust-nozzle losses.) Data 
cross-plotted from reference 1. 
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